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Abstract 
A formulation is proposed for the behavior of a particle in a box based on two assumptions: (1) particles have an 
associated phase which changes periodically with time as defined by de Broglie, and (2) the transmission of phase 
information follows optical principles, including reflection at potential boundaries and relativistic Doppler effects. This                                                            
approach defines optimal trajectories by matching the phase of a source and its reflections. The momentum of the particle 
is guided by a de Broglie wave which follows the equation 
)])(/cos[()]/)(/(exp[ 0
2
0 zvtccvztiR    
This wave is generated by reflections occurring an even number of times, the phase and amplitude of which correspond 
to Lorentz transforms relative to the time and position, respectively. Nodes are produced by reflections occurring an odd 
number of times, which can be conceived to generate a wave traveling in the opposite direction and shifted by a phase 
constant π. Application to an individual particle in an infinite potential well affords the same results for energies and 
nodes as derived by the Schrödinger equation. 
Keywords: Bohmian mechanics; de Broglie phase waves; Particle in a box. 
1. Introduction 
Despite the success of quantum mechanics at describing the behavior of particles on small scales, problems of 
interpretation remain. Quantum nonlocality [1, 2] and wave function collapse may violate special relativity [3, 4], and the 
connection with macroscopic systems remains ambiguous [5, 6]. Bohm [7, 8] advanced an approach to reconcile 
quantum formulations with classical theories. This methodology attempts the deterministic formulation of quantum 
theory based on the de Broglie hypothesis [9] associating the “internal energy [of a mass m0] with a simple periodic 
phenomenon of frequency ν0 such that  
2
00 cmh        (1) 
c being, as usual, the limiting velocity of the theory of relativity and h Planck's constant” [9]. In essence, a particle serves 
as a kind of source from which emanates a sustained periodic oscillation. The oscillation is manifest by a characteristic 
wavelength λdB = h/p which depends on the momentum p.  Although these relations provided the original basis for the 
development of quantum mechanics [10, 11], the nature, propagation, and interpretation of de Broglie waves remains 
unclear.   
We propose that the optical treatment of de Broglie waves [12-14] may afford insight to help resolve some of these 
issues. The analogy between quantum mechanics and optics has long been recognized [15]. Here we examine the 
consequences of associating classical electrodynamic behavior with the transmission of phase information related to the 
frequency defined in Equation 1 [16]. Specifically, it is taken that special relativity [17] is obeyed (the speed of 
propagation is c, and Doppler effects and time dilation occur for moving objects), phase shifts occur on reflection, and in-
phase combinations leading to coherence are preferred over out-of-phase combinations. Optimal trajectories can be 
determined by matching the phase of a source and its reflections from a barrier, with the evaluation of discrete energies 
consistent with Heisenberg‟s matrix approach [18, 19]. The model is Lorentz invariant [20, 21], and application to a 
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particle in an infinite square wave potential (a particle in a box) is shown to reproduce the energies and nodal structures 
derived by the Schrödinger equation [22-24]. 
 
 
2. Discussion 
2.1. de Broglie Waves 
de Broglie defined a „fictitious wave‟ traveling with the velocity c2/v for an electron describing a closed circular Bohr 
orbit [25] with uniform speed v<c.  He recognized by the principal of relativity that this wave cannot transport energy but 
must represent a „phase wave‟ [9]. The concept is reformulated for our purpose as follows. If the de Broglie wave, 
initially in „phase harmony‟ with the electron at point O, somehow were to circulate and reencounter the particle as 
shown in Figure 1, it can return in phase with the particle at point O‟ 
 
Figure1.  Transit for an orbiting particle. 
after an interval t corresponding to an integer number n of periods (1/ν0). During this time, the velocity of the particle 
would move it a distance vt to O‟, and a wave moving along the same path would travel the distance 2πr + vt with 
velocity c
2
/v when it reencounters the particle.  From the distance formula 
tvcr
tvcvtr
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The factor γ is defined as  
2/122 )/1( cv       (3) 
Using this relation, the time t needed to maintain coherence between the particle and the wave is
 
 200 // cmnhnt       (4) 
Since frequency is related inversely to time, the frequency γν0 in Equation 4 is reduced from that of Equation 1 by the 
factor γ due to relativistic time dilation, t =t0/γ [17, 26]. Substituting Equation 4 for the time in Equation 2 
dBnpnhcmnhvcr   /)/)(/(2
2
0
22
    (5) 
where the relativistic momentum p is 
/0vmp        (6) 
Coherence is maintained when the circumference is an integer number of de Broglie wavelengths, or from Equation 5 
npr        (7) 
as proposed originally by Bohr [23, 24] for determining the energy levels of the hydrogen atom. 
2.2. Construction of a de Broglie Wave 
Consider a three-body system with phases shown schematically in Figure 2, where a central radiating source is placed 
equidistant and collinear from two other sources one (Compton) wavelength (λC = c/2πω) apart. Figure 2 is meant only to 
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depict the relative phases for periodic oscillation and not necessarily imply any specific particle structure or circulation. 
When the three sources are in phase at rest, radiation from the two terminal sources traveling at the speed c can combine 
coherently (in phase) with the central source. When the system (or observer) is placed in motion with uniform velocity v, 
the phase of the leading source will appear to lag that of the central source and its emission will have a lower frequency (- 
sign), whereas the phase of the trailing source will be ahead and it will have a higher frequency emission (+ sign) in 
reaching the central source [26].  In terms of the angular frequency ω = 2πν 
 )/1(0 cv       (8) 
  
Figure 2. Model of the apparent phases (red arrows) of a translating three particle system. 
Continuously emitting sources produce waves traveling in opposite directions which combine at the central source to 
produce interference which can be described mathematically using complex exponential functions. Taking the direction 
of v to be along the z-axis (to the right in Figure 2), the phase function  )/(exp 0 czti   would describe propagation 
of a wave traveling in the +z direction from the trailing source and the function )]/(exp[ 0 czti   would describe 
propagation in the –z direction from the leading source. The polarity of the emissions would be the same (the +ω0 
polarity will be used). For an arbitrary intensity R, the phases of the Doppler-shifted waves would follow 
])/)(/1)(/(exp[ 0  icztcviR       (9) 
where the initial phase is described by a phase constant ϕ. 
 The interference pattern produced by the coincidence of these two waves is the sum (Equation 10), 
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through which the central source travels. Equation 10 describes a wave with amplitude A 
))(/cos(2 0 zvtcRA         (11) 
associated with the group velocity +v, which travels with the central source, and phase P 
])/)(/(exp[ 20  icvztiP       (12) 
associated with the phase velocity c
2
/v. This is the same as proposed by de Broglie for his „fictitious‟ wave. The motion 
of the central source (at which ϕ may be taken to be 0) is responsible for maintaining coherence. The amplitude follows a 
Lorentz transformation [27] for the coordinate and the phase follows the proper time
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de Broglie recognized that the motion leads to a mismatch of γ2 between the particle frequency, which decreases by γ, and 
the mass, which increases by γ-1, given the proportionality displayed in Equation 1 [21]. This dilemma is resolved by 
considering the Doppler shifts and the advancement of the source into the wave as indicated in Equation 4 and Equation 
13. That is, as the time increases by an amount Δt, the particle will move a distance vΔt. The phase of the wave at that 
location (z = z0 + vΔt) advances by (ω0/γ)(v/c
2
)vΔt so that the change in phase of the wave as experienced by the particle 
is (ω0/γ)[Δt-(v
2
/c
2)Δt] = ω0γΔt. In this manner, the phase of the returning field will keep abreast of the phase of the 
particle consistent with the preceding discussion for both stationary and moving sources (Figure 2). The Lorentz 
                                                                                                                                     ISSN: 2456-6438                                                                                    
                     jprmpceditor@scischolars.com            Online Publication Date: September 21, 2017             Volume 2, No. 1 
Volume 2, No. 1 available at www.scischolars.com/journals/index.php/jprmpc/issue/archive                                          50                                                                                           
transformation of the proper time for the returning de Broglie wave ensures that the phase of the wave always matches 
the phase of the traveling particle, which varies as ω0γt, the factor of γ accounting for relativistic time dilation as 
mentioned previously. 
2.3. Particle in a box 
Next consider a system with mirrors placed at a distance of L/2 on two opposite sides of a central source (Figure 3). We 
presume that the phase follows electromagnetic behavior like a (virtual) photon and reflects from the two mirrors, 
returning to the source. In this sense, a single particle with its two reflections could play the roles of all three particles 
described in Figure 2. The waves would be initially in phase when emitted by the source and travel in opposite directions 
with speeds ±c, later returning after reflection. When the particle is moving to the right between stationary mirrors, 
relativistic considerations also will affect the interference pattern produced by their superposition at the particle. In this 
case the forward image would appear to approach the source and the reverse image would appear to move away. We will 
return to this behavior later. In actuality, it would be the doubly (or even-integer) reflected waves which would produce a 
de Broglie wave, and these are treated first. 
 
Figure 3.  Singly reflected waves emitted by a translating source. 
2.3.1 Even-Integer Reflections 
For the source moving with velocity v to the right, the situation for double reflections is shown in Figure 4. 
 
Figure 4.  Doubly reflected waves emitted by a translating source. 
The doubly-reflected wave (subscripted „1‟) moving in the reverse direction as it returns to the particle would have a 
lower Doppler-shifted frequency whereas the forward-moving wave (subscripted „2‟) would have a higher frequency. At 
normal incidence, reflections at “hard” barriers will introduce a phase shift of one-half wavelength at each mirror.  
Although the direction of propagation reverses, the direction of the polarization remains unchanged along the negative z-
axis, so that no angular momentum transfers to the mirror. In consequence of the reversal of the direction of the light 
beam, it also is assumed that the mirrors are sufficiently massive that they acquire no linear momentum as well [28].  
Two (and other even numbers of) reflections would produce a phase shift of an integer number of wavelengths to restore 
the original phase relationship and the phase term ϕ can be dropped (multiple even reflections would serve to increase the 
amplitude but not change the frequency relationship). This means that the interference pattern sensed by the source 
would be the same as the de Broglie wave described by Equation 10 and would remain so, providing that each of the 
even reflected waves return in an integer number (n1‟ and n2‟) of periods, τ = 2π/ωγ. 
 Since 
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and the original phase of the waves is restored for the double reflections, the difference n1- n2 needs to be an even integer 
to be coherent with the source  
)/(2'              )/(2' 12 vcLnvcLn       (15) 
For example, for n1‟ = n2‟ when v = 0, the motion may result in n1‟ decreasing by one and n2' increasing by one.  We will 
use the notation  
lnn  2/)''( 12      (16) 
where l is an integer. Although n1‟ and n2‟ may be large for a sizeable box, for low velocities their difference will be a 
small number (l = 1,2,3…).  From Equation 15 
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The path length for the returning field is about 2L for a double reflection, as well as an additional 2L for each successive 
double reflection, irrespective of the position of the source. Making de Broglie‟s substitution (Equation 1), the velocity 
dependence in Eq. 17 would quantize the momentum.  From Eq. 1 
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The distance 2L corresponds to the de Broglie wavelength λdB and the kinetic energy, defined as p
2
/2m0, is 
2
0
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2 8/2/ Lmhlmp       (19) 
2.3.2. Odd-Integer Reflections. 
The singly- (and odd-integer) reflected waves are harder to treat, and some simplifications will be made.  Considering 
reflections from the right (ψr) and left (ψl) ends of the box, including the phase shift (Figure 3) 
 
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 (20) 
The interference pattern obtained by combination of these waves near the center of the box, for which the distances 
traveled by the two returning waves would be nearly the same (i.e., R = Rr ~ Rl), is then 
 ])/cos[()]/)(/(exp[2'' 0
2
0 zvtccvztiRlrodd      (21) 
Equation 21 describes a wave with group velocity -v and phase velocity -c
2
/v corresponding to a de Broglie wave moving 
in the opposite direction with respect to the source. As such, the phase and amplitude represent inverse Lorentz 
transformations for the time and coordinate. Therefore, the phase will not be able to remain coherent with the particle, the 
amplitude oscillating in time and space over intervals vt + z equal to one-half Compton wavelength [29]. The negative 
sign of the amplitude signifies the phase reverses upon single (or net odd integer) reflections. Since the phase information 
rather than the intensity is of primary interest in quantum mechanics, it is the behavior carried in the exponential term 
which will be investigated further. 
 The phase of the source (Psource) will change with time as 
dtidtitid
P
Pd
source
source )/()][exp(
)( 2
000      (22) 
whereas the phase of the odd-integer reflections (Podd) will change as 
)/)(/(
)( 2
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for constant v. The evolution of the phase with respect to the source will be 
dtcvidtcvidti ]/)/(2[)]/1)(/([]/[ 220
22
0
2
0     (24) 
The negative sign in Equation 24 indicates that the source lags the reflections. Noting that Equation 24 describes the 
argument of an imaginary exponential, coherence would be restored cyclically for 
 2]/)/(2[ 220 dtcv      (25) 
where η is an integer.  From Equation 1 and Equation 18, and for constant v = dz/dt 
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For the source to remain within the box, 0 ≤ η ≤ l. If initially out of phase at z = 0 (taken to be at one end of the box), the 
phases will mismatch again near ηL/l. Then Equation 26 describes regions where the odd-reflected waves combine out of 
phase with the source which the particle would be expected to most avoid. For l = 1, the mismatches would be at the ends 
of the box, z = 0,L; for l = 2 they are at positions z = 0,L/2,L; for l = 3 they are at z = 0,L/3,2L/3,L; etc. 
2.3.3. Comparison with Quantum Mechanics 
The Schrödinger equation for a particle in an infinite square potential one-dimensional box [30] has general solutions of 
the form 
)](exp[),( kztiAzt        (27) 
where k = p/ħ. The phase dependence described by Equation 27 is equivalent to that of the de Broglie wave (Equation 12) 
established by coherent return of the even-integer reflections (for ϕ = 0), which can occur with polarity ±ω= m0c
2
/ħγ 
)]/(exp[ pztiP        (28) 
The special behavior for purely kinetic energy E may be fulfilled by either (imaginary) sine or cosine functions, or a 
combination of both using Euler‟s formula. It is necessary to consider the boundary conditions to find the correct choice.  
Selection of the sine function corresponds to forcing the wavefunction to be zero at the boundaries as for when the phase 
inverts at a fixed or „hard‟ boundary. This causes a shift in the phase by one-half wavelength for each reflection and a 
mismatch of phases as obtained for the odd-integer reflections there. Selection of the cosine function might be 
appropriate for reflection without change in phase such as occurs for acoustic waves from a „free‟ end (soft boundary).  
Thus, the choice of sine or cosine solution depends on the type of barrier responsible for reflection of the particle. 
Taking the sine function for „hard‟ reflections, Equation 27 admits the same energy spectrum 
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as found from Equation 19 (for the nonrelativistic comparison, factors of γ may be ignored). This agreement suggests that 
the Schrödinger equation describes the matching of the particle phase with the phase behavior of the de Broglie wave. 
The even-integer reflections produce a de Broglie wave along with which the source would prefer to follow. This would 
be consistent with the Heisenberg description, which determines the expected (optimum) particle energies. Finding the 
nodes in Bohmian mechanics can present a challenging problem [31], but these are easily determined in this 
circumstance using the odd-integer reflections. The amplitude of these oscillates rapidly but the phase drifts from that of 
the particle as 2v
2
, with regions of optimum coherence (and lack thereof) determined by Equation 26, indicating places 
along the trajectory where the source would prefer to be (or not) which determine the likelihood of where the source 
would be found, in conformance with the Schrödinger description. Interestingly, the rapid phase inversions resulting 
from the cosine term in Equation 21 contribute a low-frequency „zitterbewegung‟ to the motion of the particle. Since z = 
vt, for a box larger than l/2 Compton wavelengths as in the chemical systems usually treated by quantum mechanics, 
from Equation 18 v<c and this frequency (2pc/h) would be less than predicted by the Dirac equation by v/γc [11, 32]. 
Since the even- and odd-integer phase waves formally „travel‟ with the same velocities but in opposite directions, a 
source which reverses its velocity would maintain coherence in a local area with one or the other of the returning waves.  
Conceivably this might be accomplished, for example, by interaction of the waves with the surroundings or walls of the 
box, or perhaps briefly by the emission and reabsorption of a photon or virtual photon. In this manner, a particle may 
come to reside mostly in favorable regions of phase coherence without necessarily having to travel monotonically from 
one end of the box to the other, better agreeing with probability densities determined by the Schrödinger equation.  
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3. Conclusions 
Consideration of particles as sources of oscillating phase waves which obey electrodynamic principles affords a model 
for de Broglie waves consistent with quantum mechanical results. The propagation of phase information in accord with 
special relativity is assumed, including relativistic Doppler frequency shifts for moving particles and phase changes upon 
reflection of the waves at potential energy barriers. Recombination of the traveling phase waves after reflection 
establishes interference effects which direct the motion of a particle by coherence between the phase of the particles and 
the waves, serving as Lorentz-invariant „pilot waves‟ (Equation 12) as described in de Broglie–Bohm theory [7, 8]. 
Essentially, for the de Broglie wave to remain in phase with the particle, its phase shifts according to a Lorentz 
transformation due to relativistic effects. In this manner, a particle would exhibit wave-like properties and can interfere 
constructively with itself [33], with optimal trajectories occurring where the phase of a source (Equation 22) matches its 
own reflections. The treatment provides a connection between particle phase and de Broglie phase which affords the 
same energies and nodes for an individual particle in a box as obtained using the Schrödinger equation. The equation 
guiding the momentum (Equation 10) is determined by even-integer number of reflections and the nodes are produced by 
the odd-integer number of reflections, which can be conceived to generate a wave traveling in the opposite direction and 
shifted by the phase constant π (Equation 21). Other chemically relevant systems such as the harmonic oscillator, the 
hydrogen atom, and particle diffraction will be examined in future work. 
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